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ABSTRACT
A magnetic ground state is revealed for the fi rst time in zigzag-edged carbon nanoscrolls (ZCNSs) from spin-
unrestricted density functional theory calculations. Unlike their flat counterpart—zigzag-edged carbon 
nanoribbons, which are semiconductors with spin-degenerate electronic structure—ZCNSs show a variety of 
magnetic configurations, namely spin-selective semiconductors, metals, semimetals, quasi-half-metals, and 
half-metals. To the best of our knowledge, this is the fi rst discovery of quasi-half-metals and half-metals in a 
pure hydrocarbon without resort to an external electric field. In addition, we calculated the spin-dependent 
transportation of the semiconducting ZCNSs with 12 and 20 zigzag chains, and found that they are 13% and 
17% at the Fermi level, respectively, suggesting that ZCNS can be an effective spin fi lter.   
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Nano Research
Graphene has attracted substantial interest because 
of its potential applications in nanoelectronics [1
11]. Graphene can be fabricated into a new kind of 
quasi-one-dimensional material known as graphene 
nanoribbons (GNRs). Spin-unrestricted density 
functional theory (DFT) calculations predicted that 
H-terminated GNRs with zigzag edges (ZGNRs) have 
a magnetic ground state with ferromagnetic (FM) 
ordering at each zigzag edge and antiparallel spin 
orientation between the two edges [4, 11]. Because 
the two spins occupy two staggered sublattices and 
are mirror symmetrical, narrow ZGNRs (< 100 Å) 
are always semiconductors, with completely spin-
degenerate electronic structures [4, 6, 10]. Such spin 
degeneracy in the electronic structure can be lifted by 
applying a transverse in-plane external electric fi eld 
[4, 11] or by employing NO2 groups on one edge and 
CH3 groups on the other edge, since both of these 
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two approaches break the spin mirror symmetry of 
ZGNRs [9]. Correspondingly, ZGNRs are transformed 
into a spin-selective semiconductor or even a half-
metal and have potential applications in spintronics. 
So far, it is unclear whether a half-metal is available 
in a pure hydrocarbon.
Carbon nanoscrolls (CNSs) can be regarded as an 
open scrolled product of GNRs, and are traditionally 
synthesized by ultrasonication of graphene [12
14]. Very recently, a simple and effective method 
has been developed to fabricate high-quality 
CNSs by using isopropyl alcohol solution to roll 
up monolayer graphene predefined on SiO2/Si 
substrates [15]. From spin-restricted DFT calculations 
within the local density approximation (LDA), 
CNSs are predicted to be even lower in total energy 
than their respective GNRs if the inner radius of 
the CNS is greater than 11.5 Å, due to the large 
flexibility of carbon nanoribbons [16]. They have 
potential applications in hydrogen storage and 
energy storage in supercapacitors and batteries [12, 
17 20]. Spin-restricted DFT calculations predicted 
that H-terminated zigzag-edged carbon nanoscrolls 
(ZCNSs) are metals or semimetals with two flat 
bands at the Fermi level (Ef) [16, 21], which results in 
a very large density of states at Ef. In principle, such 
an infinitesimally small on-site Coulomb repulsion 
could make H-terminated ZCNSs magnetic according 
to Stoner theory. 
From spin-restricted DFT calculations, the 
electronic structure of ZGNRs is also characterized 
by a set of doubly degenerate fl at bands at Ef [4, 11]. 
Inspired by the theoretical discovery of the magnetic 
ground state in ZGNRs from spin-unrestricted 
DFT calculations, here we reexamine the electronic 
structure of H-passivated ZCNSs within the local 
spin density approximation (LSDA). We find that 
ZCNSs do show a magnetic ground state with an 
FM ordering at each zigzag edge. The two edges are 
usually antiferromagnetically (AFM) coupled as in 
the ZGNR cases. Remarkably, spin degeneracy in the 
electronic structure has been lifted in ZCNSs, and 
ZCNSs become spin-selective semiconductors, metals 
or even quasi-half-metals and half-metals. Spin-
selective conductance is found when the quantum 
transport properties of ZCNSs are studied by 
combining LSDA and the non-equilibrium Green’s
function (NEGF) method. 
Following the previous work (Fig. 1) [16], we 
generate the initial geometric structure of a CNS 
by rolling up a graphene nanoribbon (GNR) into 
a truncated Archimedean-type spiral, which is 
defined by the equation r = dθ/2π + c, where r and 
θ are the usual cylindrical coordinates. The nonzero 
constant c is the initial inner radius of the CNS, and 
the interlayer spacing d is set to 3.4 Å. We use (n,m)-
ZCNS to denote a ZCNS, where n is the total number 
of zigzag chains in the ZCNS and m is the roughly 
estimated number of zigzag chains in the overlap 
region. 
Geometry optimization and electronic band 
calculations were performed with the fi rst-principles 
package, SIESTA [22, 23]. We adopt the double-ζ plus 
polarization basis set (DZP) and norm-conserving 
pseudopotentials of the Troullier Martins type [24]. 
A mesh cutoff of 120 and 200 Ry is employed for the 
integration of the real space grid in the geometry 
optimization and static total energy calculation, 
respectively. A 1 × 1 × 12 k-point grid of Monkhorst
Pack type is employed to sample the Brillouin zone 
[25]. The nearest inter-atomic distance between the 
H-terminated CNS and its images is kept larger than 
8 Å in our supercell model. We optimize both the 
atomic positions and lattice parameter of the CNSs. 
Figure 1 Illustration of the defi nition of the parameters of a CNS. 
Gray and white balls denote C and H atoms, respectively
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The convergence criterion for the total force on each 
atom is 0.05 eV/Å. A periodic potential of saw-
tooth type perpendicular to the axis direction of the 
ZCNS is used to simulate the external electric field 
in a supercell. The quantum transport properties are 
calculated with the ab initio Smeagol code [26, 27], 
which is based on an NEGF + LSDA approach to 
simulate open systems. The single-ζ plus polarization 
basis set (SZP), norm-conserving pseudopotentials of 
the Troullier Martins type, and a mesh cutoff of 200 
Ry are used [24]. 
We take fourteen ZCNSs into account and 
summarize the key results in Table 1. Optimized 
structures of six of the ZCNSs are shown in Fig. 2 
and those of the remaining species are shown in Fig. 
S-1 in the electronic supplementary material (ESM). 
Spin-polarized calculations lead to negligible changes 
in atomic structure compared with those obtained in 
the spin-unpolarized calculations [16]. In general, the 
smaller is the size, the larger is the deformation extent 
from the initial structure. The optimized structures of 
the (48,7), (56,3), (56,13), and (60,20) ZCNSs slightly 
or moderately deviate from their initial ones, while 
the optimized structures of the (12,2) and (20,2) 
ZCNSs are deformed to a large extent. Nine of the 
fourteen ZCNSs are expected to be more stable than 
their flat counterparts since their inner diameters 
are greater than 11.5 Å [16]. The energy gain due to 
spin polarization ranges from 2.4 to 185.6 meV per 
edge atom. Similar to ZGNRs, the spin on each edge 
of ZCNSs favors an FM ordering [4]. The spins at 
the two edges usually have antiparallel orientation, 
and the FM AFM energy differences range from 0.2 
to 9.2 meV per edge atom. The two exceptions are 
the (56,13)- and (60,2)-ZCNSs, where the FM state is 
more stable than the corresponding AFM state by 0.5 
Figure 2 Optimized structures of the (a) (12,2), (b) (20,2), (c) (48,7), 
(d) (56,3), (e) (56,13), and (f) (60,20) ZCNSs. Gray and white balls 
represent C and H atoms, respectively










(12,2) 2.6 4.3 10.1 3.9 6.2 0.19 0.46
(20,2) 5.5 4.3 185.6 182.4 3.2 0.05 0.25
(32,5) 8.0 9.3 42.8 40.5 2.3 0.11 0.28
(40,5) 11.0 9.3 13.4 7.4 6.0 0.30 0.31
(48,7)a 12.8 15.7 90.6 88.6 2.0 0.01 0.19
(56,13) 13.1 24.9 20.6 21.1 0.5 Metallic Metallic
(56,8) 15.0 17.1 19.2 16.3 2.9 0.04 0.10
(56,3)b 17.0 7.1 13.1 3.9 9.2 Semimetallic 0.05
(56,2) 17.5 4.3 2.4 0.7 3.1 Semimetallic Semimetallic 
(60,20) 11.2 42.7 18.9 17.8 1.1 Semimetallic Semimetallic
(60,16) 13.1 34.2 19.4 19.2 0.2 0.01 0.02
(60,12) 15.0 25.6 18.5 18.2 0.3 0.08 0.10
(60,7) 17.1 14.9 17.1 15.3 1.8 0.10 0.15
(60,2) 19.0 4.3 15.1 15.2 0.1 Metallic Metallic
Table 1 Inner radius (r), overlap length (l), relative total energy per edge atom between the ferromagnetic (EFM), antiferromagnetic (EAFM), 
nonmagnetic states (ENM), and spin-selective band gap in the ground state of the ZCNSs
a Quasi-half-metal.
b Half-metal.
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and 0.1 meV per edge atom, respectively. 
The spin degeneracies in electronic structure 
near the Fermi level (Ef) of the AFM state are lifted 
in all the fourteen ZCNSs, while those far away 
from Ef remain intact. We present the ground-state 
electronic structures of the (12,2)-, (20,2)-, (48,7)-, 
(56,3)-, (56,13)-, and (60,20)-ZCNSs in Fig. 3 and 
those of the remaining species are shown in Fig. S-2 
in the ESM. The electronic properties of the ZCNSs 
are summarized in Table 1. Nine ZCNSs are spin-
selective semiconductors, and the difference in the 
band gap for different spin channels is apparent, 
except for the (40,5)-  and (60,16)-ZCNSs.  In 
particular, the smaller band gap is merely 0.01 eV, 
while the larger one is 0.19 eV in the (48,7)-ZCNS, 
making this material a quasi-half-metal. The (56,2)-, 
(60,20)-, and (60,16)-ZCNSs are semi-metals due to an 
overlap between their conduction and valence bands. 
Remarkably, the (56,3)-ZCNS is a half-metal with one 
conductive spin channel and a band gap of 0.05 eV in 
another spin channel. To the best of our knowledge, 
the (48,7)-ZCNS and (56,3)-ZCNS are the fi rst quasi-
half-metal and half-metal, respectively, existing in 
a hydrocarbon without resort to an external electric 
field. The (56,13)- and (60,2)-ZCNSs are metals 
because they have FM ground states and the FM 
states of ZCNSs are always metallic, as the case of 
ZGNRs [28]. 
Figure 3 Spin-resolved electronic structures of the (a) (12,2)-, (b) (20,2)-, (c) (48,7)-, (d) (56,3)-, and (e) (60,20)-ZCNS. 
The solid red lines and dotted blue lines represent the bands of the spin-up and spin-down states, respectively. The Fermi 
level is set to zero
Figure 4 Spin density in the ground state of the (20,2)-ZCNS with 
an isovalue of 0.003 e/Å3: (a) top view and (b) side view. The red and 
blue represent the up and down spins, respectively
By analyzing the data in Table 1, we find the 
following rules that apply to the electronic structures 
of the large (56,m) and (60,m) ZCNSs: the band gap 
is opened for moderate m values, and it is closed for 
larger and smaller m valves. The band gaps of both 
spins of the (60,m) ZCNS decrease with increasing 
m for m = 7 20. In a flat ZGNR, the two spins of 
the AFM state of a ZGNR occupy two staggered 
sublattices and are chiefly mirror-symmetrically 
distributed on the two edges. This is responsible for 
the opening of the band gap and the spin degeneracy 
of the band structure of a ZGNR. Similar to a ZGNR 
[4], the two spins of the AFM state of a ZCNS also 
occupy two staggered sublattices and are chiefly 
distributed on the two edges (Fig. 4). However, the 
two spins have no mirror symmetry, and this could 
reduce the band gap and lift the spin degeneracy 
in the electronic structure of a ZCNS. The larger is 
the deviation of the geometry of a ZCNS from its 
flat counterpart, the smaller is the band gap of a 
Nano Research
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ZCNS. Xie et al. measured the electrical transport 
of a well-stacked CNS with an outer diameter of 
5 Å [15]. Such a CNS has a larger ratio of m to n. 
If it has a zigzag edge, it should be metallic. If it 
has an armchair edge, its band gap is also very 
small and approaches zero, based on our previous 
DFT calculations [16]. In both cases, this CNS was 
predicted to have a good conductivity and weak gate 
dependence. Experimentally, Xie et al. [15] found 
that it does indeed have low resistance and is weakly 
gate-dependent. This supports our other electronic 
structure predictions for CNSs. As for the closure 
of the band gap at smaller m, we attribute this to 
the stronger interaction between the two magnetic 
edges because the distance between the two edges 
is apparently smaller in the case with less overlap. 
Because the two spins are asymmetrical, the band 
gaps are not closed simultaneously. Half-metallicity 
appears as a result of different closing speeds of 
the band gaps for the two spins. In principle, half-
metallicity of ZCNS should occur before the band 
gaps for the two spins are closed. Namely, this state 
should lie between semiconducting and metallic 
ZCNSs. The (56,3) ZCNS is such an example. Its 
larger-m neighbor (56,8) ZCNS is a semiconductor, 
while the smaller-m neighbor (56,2) ZCNS is a metal.
Spontaneous  spin  polar izat ion in  a  one-
dimensional infinite system at finite temperature 
is forbidden. However, it can occur in a nanoscale 
material assisted by the enhanced anisotropy on 
substrates [4]. Moreover, as pointed out by a tight-
binding model calculation [29], a perturbation (e.g., 
by bias or temperature) on the order of the band gap 
can lead to an instability of the spin-polarized state 
of ZGNRs and make the system become unpolarized. 
Therefore, half-metallicity and quasi-half-metallicity 
of ZCNSs should exist at a low bias and low 
temperature. From the small band gap of 0.05 V in 
the half-metallic (56,3) ZGNR, we can estimate the 
threshold bias for loss of half-metallicity to be as 
small as about 0.05 V and the threshold temperature 
to be about 573 K.
A spin-selective band structure is expected to 
cause a spin-dependent transport. We use a two-probe 
system (shown in Fig. 5(a)) to calculate the quantum 
transport property of two small-sized ZCNSs. The left 
and right electrodes are semi-infi nite ZCNSs identical 
to that in the scattering region. Since unpolarized 
ZCNSs are always metallic, we can force the spin state 
of the ZCNS electrode to be unpolarized in order to 
create metallic electrodes. The resulting spin-polarized 
conductances of the AFM (12,2)- and (20,2)-ZCNSs 
are shown in Figs. 5(b) and 5(c), respectively. The 
conductance at Ef of the AFM (12,2)-ZCNS is 1.65G0 
and 1.27G0 for the spin-up and spin-down channels, 
respectively, and that of the AFM (20,2)-ZCNS is 1.43G0 
and 1.01G0 for the spin-up and spin-down channels, 
respectively. The spin transport polarization (ξ) can be 





where Gdown and Gup represent the conductance of the 
spin-down and spin-up channels, respectively. The 
AFM (12,2)- and (20,2)-ZCNSs have ξ values of 13% 
and 17% at Ef , respectively, which are comparable to 
Figure 5 (a) Two-probe model of the (12,2)-ZCNS. The scattering 
region contains fi ve unit cells of the ZCNS. Zero-bias conductances of 
the antiferromagnetic (b) (12,2)-ZCNS and (c) (20,2) ZCNS coupled 
to the homogeneous nonmagnetic ZCNS electrode. The solid red line 
and dotted blue line represent the conductance of the spin-up and 
spin-down states, respectively
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that of the boron-doped FM ZGNR with three zigzag 
carbon chains obtained in a previous DFT calculation 
[28]. We expect that ZCNSs can serve as an effective 
spin fi lter.
Finally, we examine the effects of an electric fi eld 
on the band structures of the ZCNSs. In contrast to 
ZGNRs [4, 8], in general the application of an electric 
fi eld cannot close the band gaps of the semiconducting 
ZCNSs. One exception is the (40,5)-ZCNS, where the 
spin degeneracy is merely slightly lifted. The effects of 
the electric fi eld depend on its strength and direction. 
When an electric fi eld is applied along the x-direction 
(shown in Fig. 6), the band gap decreases faster in the 
spin-up orientation than in the spin-down orientation. 
When the strength of the electric fi eld is in the range 
0.25 0.30 eV/Å, the band gap in the spin-up direction 
is completely closed, whereas that in the spin-down 
direction remains unclosed, as shown in Fig. 6. Hence, 
the semiconducting (40,5)-ZCNS is driven to be a half-
metal. 
structure and these novel magnetic configurations. 
Furthermore, spin-selective transport is found in 
semiconducting zigzag carbon nanoscrolls. These 
findings suggest potential applications of ZCNSs 
as spin filters and other nanoscale devices in 
spintronics. In view of the fact that magnetism in 
nanoscale graphene has been experimentally verifi ed 
[30, 31], we hope our theoretical calculations will 
stimulate experimental work to confi rm the existence 
of magnetism in carbon nanoscrolls.  
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